Laccases can catalyze monoelectronic oxidation and have shown to have an increasing value in industrial 12 application. In this study, as identified by Native-PAGE and ESI-MS/MS, ascomycetous fungus 13 Setosphaeria turcica produced three laccase isozymes: Stlac1, Stlac2, and Stlac6. Stlac2 was 14 heterologously expressed in both eukaryotic and prokaryotic expression systems. The eukaryotic 15 recombinant Stlac2 expressed in Pichia pastoris was inactive, and also showed a higher molecular weight 16 than predicted because of glycosylation. The depression of laccase activity was attributable to the 17 incorrect glycosylation at Asn97. Stlac2 expressed in Escherichia coli and after being renaturated from 18 the inclusion body, the recombinant Stlac2 exhibited activity of 28.23 U/mg with 2,2-azino-bis(3-19 ethylbenzothiazoline-6-sulfonic acid) (ABTS) as the substrate. The highest activity was observed at pH 20 of 4.5 and the temperature of 60 ºC. The activity of recombinant Stlac2 was inhibited by 10 mM Na + , 21
Introduction 35
Laccases (EC1.10.3.2, benzenediol: oxygen oxidoreductases, p-diphenoloxidase) are multicopper 36 oxidases (MCO) that can catalyze monoelectronic oxidation of more than 200 compounds, such as 37 phenolic compounds and aromatic amines, as well as their derivatives. Using the redox mediators, StLAC2 was heterologous expression in both eukaryotic and prokaryotic expression systems to study the 80 effect of glycosylation, as well as to characterize its physicochemical properties and decolorization to 81 malachite green. This study proved ascomycete laccase in S. turcica to be a valuable resource for the 82 application in the green industry for the future. 7 days for laccase production. The filtered culture broth was concentrated using an Amicon Ultra-15 91 membrane filter (Millipore, Germany) as extracellular crude protein samples for isolation. 0.2 g mycelia 92 was ground in liquid nitrogen and dissolved in 10 mL phosphate buffered solution (PBS) for extracting 93 intercellular crude protein. Laccase isozymes were isolated using Native-PAGE (10%) staining with 0.1 94 M citrate-phosphate buffer (pH 4.0) containing 2 mM laccase substrates ABTS and 2,6-DMP (2,6-95 dimethoxyphenol), and incubated at room temperature. 96
Identification of laccase isozymes and glycosylation analysis by ESI-MS/MS 97
Stained active bands of laccase isozyme were used for identifying by peptide mass finger printing (ESI-98 the Setospaeria trucica Et28A v1.0 protein database from the National Center for Biotechnology Information (NCBI). A truly positive peptide was defined to be located at rank one of the search results 102 and reached a confidence level above 95% in the search against the substrate database. The spectra 103 corresponding to the identified peptides were then manually examined. 104
RNA extraction and cDNA synthesis 105
Filtered mycelium of S. turcica was collected and ground using liquid nitrogen. Total RNA was extracted 106 using RNA Simple Total RNA kit (Tiangen, China) and the quantity was estimated by Eppendorf Bio 107
Photometer plus. Reverse-transcription was using Prime Script™ RT reagent Kit with gDNA Eraser 108 (TaKaRa, Japan) to obtain cDNA for amplification of StLAC2. 109
Expression of recombinant laccase Stlac2 in PichiapastorisKM71H 110
cDNA of StLAC2for eukaryotic expression was amplified by PCR using a primer StLAC2-PP-F (5'-111
CATGGAATTCATGTCTTACAATGGTTC-3') incorporating a EcoRI restriction site and a primer 112
StLAC2-PP-R(5'-CATGTCTAGATCAATGATGATGATGATGATGCAGGCCCGAGTCGATCTG-3') 113 incorporating a XbaI restriction site for cloning in pPICZαA expression vector ( Fig.S2b ). PCR was 114 carried out using Taq DNA polymerase and the amplified fragment was extracted for insertion into the 115 pMD-19 vector for sequencing. The recombinant pMD-19-StLAC2 was digested with EcoRI and XbaI, 116 and then ligated into the pPICZαA vector digested with the same restriction enzyme to construct the 117 plasmid pPICZα-StLAC2. 118
The pPICZα-StLAC2 plasimds with correct insertion confirmed by sequencing were transformed into the 119 host strain P. pastoris KM71H by electro-poration. Transformants were selected and plated on YPDS 120 plates containing 100 μg/mL zeocin and incubated for 2 days at 28 ºC. Resultant colonies were screened tested by SDS-PAGE. BCA Protein Assay kits (Sangon, China) were used to analyze the protein 145 concentration. 146
Deglycosylation assay and identification of glycosylation sites 147
For N-glycan removal, eukaryotic recombinant Stlac2 was denatured with Glycoprotein denaturing 148 buffer at 100 ºC for 10 min to be deglycosylated using PNGase F (NEB, USA) according to instructions. 149
The deglycosylated recombinant laccase was separated by SDS-PAGE. Stained band of recombinant 150 laccase expressed in P. pastoris was used for identification of the sites of glycosylation and were 151 conducted in accordance with the batch procedures outlined by Beijing Protein Innovation Co., Ltd. glycosylation, the three-dimensional structure of Stlac2 was generated by YASARA (Land and Humble 159 2018) and the result was revealed and analyzed by Pymol. 160
Assay of laccase activity and biochemical characterization of recombinant Stlac2 161
ABTS was used as a substrate for assaying recombinant Stlac2 activity at 420 nm (ε420=36 mM -1 /cm -1 ). 162
One unit (U) of laccase activity was defined as the oxidation of 1 μmol ABTS in one minute. 163
The enzyme activity was assayed in the pH range of 3.0-6.5 using 0.1 M of citrate buffer. The effect of 164 temperature was determined by incubating the reaction mixture at different temperatures varying from 165 relative activity with respect to maximum activity, which was considered as 100%. The effects of various metal ions were determined by incubating the recombinant Stlac2 at a final concentration of 5 and 10 168 mM for 5 min at 60 ºC. The enzyme activity was expressed as percent relative activity with respect to no 169 additional ions. 170
MG decolorization by recombinant Stlac2 171
To evaluate the application, triarylmethane dye MG was used to analyze the degradation by Stlac2. The All experiments were performed in triplicate; controls were not treated with recombinant Stlac2. 179
RESULTS 180

Isolation and identification of laccase isozymes 181
Intracellular and extracellular crude protein were collected from S. turcica in liquid CM culture 7d using 182 for isolation of laccase isozymes by Native-PAGE staining with ABTS and 2,6-DMP. It is more sensitive 183 than staining with ABTS than with 2,6-DMP ( Fig. S1 ). There are two bands in the intracellular crude 184 protein and one in concentrated extracellular crude protein staining with ABTS ( Fig.1a ). The two bands 185
were tested by ESI-MS/MS to identify laccase isozymes, and the peptide fingerprints were compared 186 with the protein database of S. turcica downloaded from JGI (Fig.1b ). The peptide sequence of proteins matched with Stlac2 (Gi: 482813379) and Stlac6 (Gi: 482808389) of band I; Stlac1 (Gi: 482805212), and Stlac6 (Gi: 482808389) of bandⅡ, all of which are classified to be laccase sensu stricto in S. turcica. 189
The molecular weight of the laccase isozymes did not match the specific bands of protein markers shown. 190 This is attributable to the fact that protein separation in Native-PAGE depended not only on molecular 191 size, but also the charge the protein carried. 192
Recombinant laccase Stlac2 expression in PichiapastorisKM71H 193
To characterize laccase Stlac2, the coding sequence was cloned and inserted into the plasmid pPICZaA 194
including α-factor signal and 6 histidine tag ( pPICZα-StLAC2 or non-induced positive transformants ( Fig. 2a ). The recombinant laccase was 202 confirmed by Western blot (Fig. 2b ). The molecular weight of recombinant laccaseStlac2 was about 100 203 kDa compared with the protein marker, but Stlac2 (554 amino acids) had the predicted molecular weight 204 of 61.64 kDa. In order to exclude the possibility of protein dimer, the reducing agents of 20% β-mercapto 205 ethanol and 1.0 mol/L DTT was added to depolymerize. The results showed that the single apparent band 206 did not change (data not shown), meaning that recombinant laccase Stlac2 was monomer with a much 207 larger molecular weight than predicted. the plasmid pET32a without signal peptide (Fig. S2c ). The constructed plasmid pET32-StLAC2 was 211 transformed into E. coli Rossetta (DE3), and the transformants growing on the LB medium containing 212 ampicillin (50 μg/mL) was verified by PCR ( Fig. S1e ) using T7 primers. 213
Recombinant laccase Stlac2 with an apparent molecular weight about 80 kDa with histidines tag but not 214 signal peptide was detected in the whole-cell extract of cultural cells after IPTG induction compared with 215 non-induction ( Fig. 3a ). The recombinant laccase was purified by Ni-IDA (Fig. 3b ), and the specific band 216 of Stlac2 was present in the precipitate, indicating that the expressed protein was in the inclusion bodies 217 of about 70% of purity. The target protein was purified by denaturation and renaturation from inclusion 218 bodies with the purity of 87% and the concentration of 1.03 mg/mL. The activity of purified recombinant 219
Stlac2 using ABTS as substrate at pH4.5 citrate buffer and room temperature was 28.23 U/mg. 220
Glycosylation of Stlac2 recombinant protein in P. pastoris 221
When the activity of Stlac2 recombinant protein in P. pastoris was detected using ABTS, the color of 222 reaction mixture did not change, compared with the same concentration of protein of Stlac2 recombinant 223 protein in E. coli and crude protein from S. turcica, which changed the color of ABTS to dark green and 224 increased over time (Fig. 4a ). The glycosylation of Stlac2 recombinant protein in P. pastoris was detected 225 ( Fig. 4b ). After the deglycosylation using PNGase F, there were two bands with molecular weight of 226 approximately 80 kDa and 90 kDa, respectively, compared with 100 kDa before deglycosylation, 227
suggesting that recombinant Stlac2 in P. pastoris was glycosylated at two sites of Asn-X-Ser/Thr. 228 7 potential N-glycosylation (Asn-X-Ser/Thr) sites were detected by NetNGlyc 1.0 server, including Asn4, 229
Asn97, Asn206, Asn373, Asn382, Asn383, and Asn475. From these, Asn382 was indicated as non-230 glycosylated with the 'potential' score is less than the default threshold of 0.5. In order to identify the glycosylation sites affecting laccase activity, the stained band of recombinant laccase Stlac2 expressed 232 in P. pastoris was identified by peptide mass fingerprinting (ESI-MS/MS analysis) and positive peptide 233 was located in the sequence of Stlac2, as shown in Fig.5 . The peptides containing the predicted 234 glycosylation sites Asn206, Asn373, and Asn475 was detected with no glycosylation, but the peptides 235 containing Asn4, Asn97, Asn382, and Asn383 were not covered. Stlac2 and the laccases of which N-236 glycosylation sites were known were aligned to analyze potential glycosylation sites of fungal laccase. Three-dimensional structural simulation of Stlac2 showed that, when the carbohydrate chain of N-acetyl-240 D-glucosamine attaches to Asn97, it may block the egress for the water molecules, resulting from the 241 reduction of the dioxygen molecule, potentially affecting the activity of laccase. 242
The activity of the recombinant laccase under different temperatures, pH values, and ions 243
The oxidation of ABTS by the purified laccase in 0.1 M citrate buffer was evaluated at different levels 244 of pH, temperature, and metal ions. The purified recombinant laccase showed the highest activity at pH 245 4.5 ( Fig. 6a ) and 60 ºC (Fig. 6b ). The effects of different concentrations of metal ions on purified laccase 246 activity were tested by evaluating oxidation of ABTS at the optimum pH and temperature for 5 min in 247 the presence of different ions (Fig. 6c ). The results showed that the activity of Stlac2 was relatively stable 248 in the presence of Cu 2+ , which is a structural component of the catalytic center. The relative activity of 249 Stlac2 increased to 315% when the concentration of Fe 3+ increased up to 10 mM. 5 mM Mn 2+ increased 250 the laccase activity, while the activity decreased when the concentration of Na + , Mg 2+ , Ca 2+ , and Mn 2+ 251 was 10 mM.
symptoms. The decolorization activity of recombinant Stlac2 on malachite green was investigated to 255
demonstrate its industrial applicability. The decolorization of recombinant Stlac2 were analyzed after 256 being treated at 20, 50, 100, and 200 mg/L malachite green for 15 min, 30 min, 45 min, 1 h, 1.5 h, and 3 257 h ( Fig.7) . Stlac2 displays an excellent decolorization activity without any redox mediators under 20 mg/L 258 malachite green, as Stlac2 decolorized 67.08% MG in 15 min and more than 70% of 50 mg/L malachite 259 green after 3 h of incubation. With the increase of MG concentration, the decolorization rates showed the 260 trend of gradual reduction. The decolorization efficiency was not significantly different when the 261 concentration of MG was more than 100 mg/L. 262
Discussion 263
In this work, using Native-PAGE and ESI-MS/MS identification, there are 3 laccase isozymes produced 264 by S. turcica, while 9 laccase-like multicopper oxidases were found in the genome using a Hidden 265 were not detected. Different cultural conditions and additions of aromatic compounds may also lead to 290 differential production of laccase isozymes(Kumar et al. 2017). Thus, further understanding of laccase 291 isozymes in S. turcica for basic and applied purposes will be investigated in future studies. 292
Stlac2 was heterologously expressed in eukaryotic expression system P. pastoris KM71H, and the results 293 showed that recombinant Stlac2 is incapable of oxidizing the substrates ABTS and DMP (data of DMP 294 was not showed). Most fungal laccases are reported as glycoprotein with a carbohydrate content of 10%-295 increased the thermostability of fungi enzymes, but depending on the glycosylation position it might lead 299 to increased or reduced catalytic activity(Ergün and Çalık 2015). In our case, recombinant Stlac2 can be 300 expressed in P. pastoris, detected extracellularly, but it is inactive. The higher molecular weight of 301 recombinant Stlac2 than predicted is attributable to the glycosylation status. There are a predicted 7 302 potential N-glycosylation, and the glycosylation of 3 potential glycosylation sites were excluded by ESI- 
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